The ionization rates and subsequent electron dynamics for laser-induced plasma channels are measured for the noble gas series He, Ne, Ar, Kr, and Xe at 1.0 atm. The cw fluorescence emission increases superlinearly in the series from He to Xe in agreement with Ammosov-Delone-Krainov tunnel ionization calculations. The electron temperature after laser-induced plasma formation, measured by four-wave mixing, evolves from >20 eV to <1 eV kinetic energies with time constants ranging from 1 ns for He to 100 ps for Xe in agreement with an impact-ionization cooling model. The interaction of intense, ultrafast lasers with noble gases has resulted in the discovery of many new phenomena including high harmonic generation [1, 2] used to produce attosecond pulses [3] [4] [5] , terahertz generation [6] [7] [8] , laser filamentation [9, 10] , and the self phase modulation used to produce high bandwidth pulses [11] . Understanding each of these processes involves the excitation, ionization, and propagation of electrons in the intense laser field. For example, the dynamics of high harmonic generation have been modeled using a few simple parameters [12] . During the filamentation process, there are electron and plasma dynamics that go on long after the impulsive laser excitation, due to high pressure collective effects. In the case of laser-induced plasma, we find that the plasma dynamics (the initial electron energy distribution, the subsequent cooling, and the recombination of electrons with cations in the plasma) are controlled mainly through the electronic structure of the constituent gas atoms. In these measurements, the essence of the process is captured by the ionization potential of the atom and the ponderomotive potential of the driving laser.
The interaction of intense, ultrafast lasers with noble gases has resulted in the discovery of many new phenomena including high harmonic generation [1, 2] used to produce attosecond pulses [3] [4] [5] , terahertz generation [6] [7] [8] , laser filamentation [9, 10] , and the self phase modulation used to produce high bandwidth pulses [11] . Understanding each of these processes involves the excitation, ionization, and propagation of electrons in the intense laser field. For example, the dynamics of high harmonic generation have been modeled using a few simple parameters [12] . During the filamentation process, there are electron and plasma dynamics that go on long after the impulsive laser excitation, due to high pressure collective effects. In the case of laser-induced plasma, we find that the plasma dynamics (the initial electron energy distribution, the subsequent cooling, and the recombination of electrons with cations in the plasma) are controlled mainly through the electronic structure of the constituent gas atoms. In these measurements, the essence of the process is captured by the ionization potential of the atom and the ponderomotive potential of the driving laser.
The electronic dynamics of a plasma channel can be measured using four-wave mixing (FWM). In our experiment, two beams create a dynamic grating in the plasma channel electron density from which a third beam diffracts (see Fig. 1 ). The diffracted intensity is measured as a function of time delay after the plasma channel creation to provide a measurement of the electron temperature. A theory based on electron impact-ionization cooling in an atomic gas quantitatively captures the rates of plasma cooling and recombination after impulsive excitation.
ATi: sapphire (1 kHz) laser was used for both the plasma generation and the FWM measurement as shown in Fig. 1 . The plasma channel was generated with 350 J of horizontally polarized 800 nm, 80 fs laser focused into the sample chamber using a 5 cm focal length lens with beam diameter of 2 mm before the lens. The FWM was performed with two 800 nm (1 nm FWHM, 1 ps) pump beams (! 1 and ! 2 ) generated using a narrow band filter and a 971 nm (140 fs) beam (! 3 ) generated using optical parametric amplification. The FWM beams and the plasmagenerating beam were horizontally polarized and focused into the sample chamber using lenses to arrive simultaneously at the laser-induced plasma region. The FWM beams were arranged in a folded-boxCARS geometry, providing a spatially separated output signal, ! S (centered at 680 nm). The diffracted beam was collimated and passed through a set of several apertures to a monochromator, equipped with a cooled CCD array detector. We probed the diffracted signal as a function of the delay between the laser-induced plasma and the FWM beams, denoted as 14 . The signal was integrated over a 10 nm range, in a region around the spectral maximum of the ! S signal. All gas samples were maintained at 1.0 atm for these measurements.
To probe the mechanism of laser-induced plasma formation, we first measured the fluorescence spectra of the plasma after excitation by the intense laser pulse ($5 Â 10 14 W cm À2 ). The spectra presented in Fig. 2 consist of a set of sharp peaks on a broad flat background, marked as dashed lines. The sharp peaks correspond to electronic transitions in neutral atoms. The broad background is a continuum caused by the Bremsstrahlung emission. As the data presented are actually accumulated over the interpulse period of 1 ms, the background intensity is eventually proportional to the number of free electrons generated by the pulse. This intensity strongly depends on the ionization potential I P of the gas. Doubling the I P from Xe (12.13 eV) to He (24.59 eV) leads to a decrease in the background of nearly 3 orders of magnitude. The amount of background measured is consistent with strong-field ionization of the noble gas atoms and can be modeled using AmmosovDelone-Krainov (ADK) theory [13] , that calculates the strong-field ionization rate of an atom at any point in space time as a function of the electric field amplitude envelope, Eðr; tÞ.
The total number of atoms ionized by the laser pulse in the focal volume was determined by following the approach that was used in Hankin et al. for multiphoton ionization by a square pulse [14] . Assuming a transformlimited pulse shape with duration , taking into account modifications of the beam focusing geometry due to nonlinearity of the refractive index [15, 16] and the selfconsistent plasma defocusing [17] , and finally simplifying the intensity distribution in the ionization volume of length l as an axially symmetric Gaussian, we obtain the total number of singly ionized atoms, N tot , as a function of the laser electric field peak amplitude, E 0 , and the species' ionization potential, I P . The inset in Fig. 2 shows measured values of the background fluorescence vs I P for the investigated noble gases (squares). The solid line in the inset represents the theoretical curve assuming that the fluorescence intensity is proportional to N tot .
To further probe the mechanism of plasma formation, we measured the four-wave mixing signal (! S ) as a function of time delay, 14 , between the plasma formation pulse and the FWM probe pulses (see Fig. 3 ). The sharp spike at 14 ¼ 0 is on the order of the temporal overlap between the incident beams (the plasma-generating beam and the three FWM beams). This short-lived feature arises from the interaction of the plasma beam and one particular pump beam, unlike the signal at longer time delay which requires all four beams to be present. The physics in the overlap of the pump and plasma beams is currently under investigation and is distinct from the longer-term plasma dynamics considered here. After the 14 ¼ 0 spike, the FWM signal increases to a maximum value over the time interval that depends on the sample concentration, ionization potential, and the laser intensity. The temporal span between 14 ¼ 0 and the maximum of the FWM signal uniformly decreases from He to Xe. The magnitude of the FWM signal at the maximum is also observed to monotonically increase from He to Xe. The FWM signal is due to scattering from the plasma continuum structure, and thus four-wave scattering will occur over a broad spectral range. The inset in Fig. 3 compares the fluorescence spectrum (gray curve) with the four-wave mixing signal (black curve) of Kr. The FWM spectrum (see inset in Fig. 3 ) was measured at 14 ¼ 1000 ps near the temporal maximum of Kr scattering signal. The Gaussian-like shape of the FWM spectrum observed in the inset of Fig. 3 is defined by the spatial phase mismatch for fs-boxCARS [18] . To decrease the fluorescence contribution, the spectral region from 676 to 0 500 1000 1500 10 686 nm was chosen for the time-resolved FWM intensity measurements. The region contains a minimal number of fluorescence peaks for all 5 investigated noble gases. Note that the fluorescence signal has a much longer time scale than the FWM signal and thus does not alter the time dependence of this latter signal within the 2 ns time interval probed in these measurements.
The evolution of the signal intensity can be understood using a three-step model where the electrons are first ionized and accelerated to the ponderomotive potential during the plasma-generating pulse, then cool mainly through inelastic collisions with neutral atoms, and finally undergo FWM based on a ponderomotive grating induced by the ! 1 and ! 3 beams. Upon the ionization and possible electron rescattering during the intense femtosecond laser pulse, considerable kinetic energy (on the order of 3.2 X ponderomotive potential) is imparted to the plasma electrons and is on the order of 20 eV for the laser intensity used here ($5 Â 10 14 W cm À2 ). As the electron temperature is established extremely rapidly, on subpicosecond time scale [19] , we can assume that the electrons are characterized by a thermal distribution function at any step during plasma cooling. The main cooling mechanism is the energy loss on impact ionization of the remaining neutral atoms. By assuming so, we neglect both multiple ionization and impact excitation of atoms and ions. Further, we neglect plasma diffusion processes because the measurements concern plasma evolution on the picosecond time scale and tens of micrometer length scale. This process is described by coupled differential equations for the electron temperature, T, and the electron concentration, n:
where n 0 is the initial density of neutral atoms. The first part of Eq. (1) concerns conservation of energy, showing that impact-ionization events occur at the expense of reducing the electron gas temperature. The second part concerns the chemical kinetics equation for the binary reaction of ionization. The ionization rate, vðTÞ, is determined by the dependence of the total impact-ionization cross section on the electron energy, ðEÞ. Although there are asymptotic expressions for this cross section for large values of electron energy, E ) I p and first-principles calculations for E ( I p , the area of intermediate energies, E $ I p that is of our primary concern, remains a topic of heated discussions (see, e.g., [20] [21] [22] and references therein). For the sake of simplicity, we adopt here the widely used semiempirical Lotz approximation [23] , / lnð1 þ E=I p Þ=ð1 þ E=I p Þ, that leads to
where is a phenomenological parameter and EiðzÞ is the integral exponential. Then, the implicit solution to the system of Eq. (1) is obtained as, Z
where ¼ T=I p is the dimensionless temperature, f ¼ ½nð0Þ=n 0 ½ð0Þ þ 2=3 À 2=3, ð0Þ and nð0Þ are the initial values of the electron temperature and density (as determined by the initial pulse ionization), and the characteristic time scale for electron cooling is then t 0 ¼ ½m=ð2 ffiffiffiffi p @a B ÞðI p =RyÞ 3=2 . Generally, there are two major mechanisms contributing to the four-wave mixing signal intensity in a plasma, the electron density grating due to the ponderomotive potential of the pump beams and the electron temperature grating due to local heating. For the femtosecond pulses used in our experiments, only the first mechanism is relevant, that is well described in the framework of hydrodynamic plasma equations. Following Ref. [24] , the dependence of the intensity of the scattered light on the plasma parameters may be approximated as
Physically, this estimate means that to cause appreciable four-wave mixing in plasma, the ponderomotive grating modulation must counteract the thermal motion of the electrons (in the experiment, the focal-volume intensity of the three beams of the FWM scheme is on the order of 10 11 W=cm 2 , that corresponds to about 6 meV of ponderomotive potential). This is why the FWM signal grows and saturates with the plasma cooling. Figure 3 (solid curves) shows the result of simulation of FWM intensity as a function of time. The data were fit with Eq. (4) using ð0Þ for the initial plasma temperature and nð0Þ=n 0 for the initial degree of ionization. These parameters were fit for one gas, argon, where they correspond to the initial electron temperature of 20 eV (about 0.6 Up) and the initial degree of ionization of about 1:05 Â 10 À2 . For the remaining gases, each of the parameters was scaled according to the corresponding value of Ip, taking also into account the changes in the focusing geometry due to nonlinear refraction index and plasma defocusing. The parameter [proportional to the electron scattering cross section in Eq. (2)] was fit for one gas and was then scaled for the remaining gases using the known values of maximum total impactionization cross sections taken from [15] . With these fitting parameters, the observed growth of the FWM signal corresponds to electron cooling to approximately 800 meV. In the measurements made on noble gases, there is a clear trend of increasing time constant for electron cooling as the ionization potential of the atom increases. The measurements and theory suggest that the lower the characteristic energy level spacing in an atom, the faster the electron distribution in the plasma channel cools. There is a
week ending 17 APRIL 2009 155004-3 decrease in the absolute FWM intensity with increasing ionization potential. This is attributed to the lower electron density produced with increasing ionization potential as predicted by ADK ionization rate. The ADK ionization prediction is also in agreement with the measurement of the cw fluorescence from the atoms using a simple spectrometer.
The model presented for the ultrafast dynamics of laserinduced plasma channels reveals the connections among the fundamental processes of laser-induced tunnel ionization, plasma cooling dynamics of the produced plasma channel, and the residual fluorescence of the channel. The results obtained link the dynamic behavior of the underdense plasma formation with the internal degrees of freedom of the constituent species suggesting that related processes of much current interest, such as laser-induced breakdown, laser-induced ablation, and, further, atmospheric filamentation will depend sensitively on atomic and molecular constituents. This opens the way to optimizing plasma channel characteristics (bandwidth, coherence, brightness) to that desired for a particular experiment.
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